WalRK is the only two-component regulatory system essential for viability in Streptococcus pneumoniae. Despite its importance, the biological role of this system is not well understood. However, previous studies have shown that it has a crucial role in controlling pneumococcal cell division. Considerable efforts have been made to understand how the WalRK system is regulated, but no signal(s) sensed by the WalK histidine kinase has been identified so far. Here, we provide evidence that the serine/threonine protein kinase StkP modulates the activity of WalK through direct protein-protein interaction, suggesting that this interaction is one of the signals sensed by WalK. In most low-G+C content Gram-positive bacteria, WalK orthologues are attached to the cytoplasmic membrane via two transmembrane segments separated by a large extracellular loop believed to function as a sensor domain. In contrast, members of the genus Streptococcus have WalK histidine kinases that are anchored to the cytoplasmic membrane by a single transmembrane segment. It has been a longstanding question whether this segment only serves as a membrane anchor or if it also functions as a signal-sensing domain. Our data strongly support the latter, i.e. that the transmembrane segment senses signals that regulate the activity of WalK.
INTRODUCTION
WalRK (also called VicRK and YycGF) is an essential twocomponent regulatory system, which is highly conserved among low-G+C content Gram-positive bacteria [1, 2] . It consists of the multi-domain transmembrane histidine kinase, WalK, and its cognate response regulator, WalR. In addition, the walRK operon includes a gene, walJ (vicX, yycJ), of unknown function, which is predicted to encode a member of the metallo-b-lactamase superfamily [3] . With the exception of Streptococcus pyogenes [4] , WalR is essential in all species tested. WalK, on the other hand, has been shown to be dispensable in several streptococcal species, including Streptococcus pneumoniae. The growth rate and virulence of walK mutants, however, are significantly reduced [5] . The genes controlled by the WalRK system vary between species, but a common theme is that they all regulate expression of peptidoglycan hydrolases involved in bacterial growth and division [3, [6] [7] [8] [9] . In S. pneumoniae R6, depletion of WalR in a DwalK background gives rise to cells with a grossly abnormal morphology [10] . Ng and co-workers [10] show that these changes in morphology are, at least in part, due to the downregulation of pcsB, one of the genes positively regulated by the WalRK system. Recently, it was shown that PcsB is a murein hydrolase that splits the septal cross-wall during pneumococcal cell division [11] . Hence, a major function of WalRK must be to control cross-wall splitting during daughter cell separation by sensing and responding to specific extracellular and/or intracellular signals. Unfortunately, the nature and number of signals sensed by WalK are not known.
S. pneumoniae WalK consists of the following domains in order from its N-terminus: a small extracellular domain of about 12 amino acids, a transmembrane segment, a HAMP domain (commonly found in histidine kinases, adenylyl cyclases, methyl-accepting chemotaxis and phosphatase proteins), a PAS domain (acronym for Per, Arnt and Sim), a DHp domain (dimerization and histidine phosphorylation domain) and a CA domain (C-terminal catalytic and ATP-binding domain) [3, 12] . HAMP domains are found in many bacterial signalling molecules. They function as signal relay modules that convert input signals into an output response [13] [14] [15] . PAS domains function as sensor domains that respond to signals such as alterations in light, redox potential, oxygen levels and various small molecules [16] . However, some PAS domains seem to function solely in intramolecular signal conversion or amplification [17] .
It is not known if the cytoplasmic PAS domain of pneumococcal WalK has a sensory role, but if it does, it must sense an intracellular signal. In addition to the cytoplasmic domains, the WalK histidine kinase of most low-GC Gram-positive bacteria contains a large extracellular loop believed to function as a sensor domain [3, 18] . This domain, which is predicted to adopt a PAS-like fold, consists of about 150 amino acids and is flanked by two transmembrane segments [19] . In contrast, the WalK kinases of streptococci are anchored to the cytoplasmic membrane via a single N-terminal transmembrane segment and lack the extracellular loop [3, 18] .
In addition to WalK, another protein kinase, StkP, plays an important role in pneumococcal cytokinesis and morphogenesis. StkP is a member of a conserved subfamily of eukaryotic-type Ser/Thr kinases found only in Gram-positive bacteria [20] . It is co-transcribed with phpP, a gene encoding a protein phosphatase. In vitro experiments have shown that PhpP is able to specifically dephosphorylate StkP, demonstrating that the two enzymes operate as a functional couple [21, 22] . Deletion of StkP in S. pneumoniae is not lethal but results in reduced transformability and virulence, increased susceptibility to environmental stresses and morphological alterations [23] [24] [25] . More recently, it has become clear that StkP is a central regulator of pneumococcal cell-wall synthesis and cell division [24] [25] [26] [27] [28] . To fully understand the biological function of StkP, the relevant targets of this kinase must be identified and characterized. So far, it has been shown that DivIVA, MapZ (LocZ) and FtsA are phosphorylated by StkP in vivo, while phosphorylation of FtsZ, GlmM and MurC has been demonstrated in vitro [21, [29] [30] [31] [32] . MapZ, FtsA, FtsZ and perhaps DivIVA are part of the complex mechanism regulating cell division in S. pneumoniae, and it is believed that StkP coordinates different steps in the cell division process by phosphorylating these target proteins [24, 28, 33] . GlmM and MurC encode a phosphoglucosamine mutase and UDP-N-acetylmuramoyl-L-alanine ligase, respectively, both of which are essential for peptidoglycan synthesis. Microarray analysis has shown that the transcription of a number of genes is altered when stkP is deleted [34] . The gene encoding the cross-wall splitting peptidoglycan hydrolase PcsB [11] is among those whose transcription rate is strongly reduced in a pneumococcal DstkP mutant. The same is true for spr0096, which encodes a protein containing a peptidoglycan-binding LysM domain. Interestingly, transcription of these genes is also among the most strongly reduced in a pneumococcal DwalK mutant that expresses walR ectopically from a fucose-inducible promoter [10] . It has therefore been speculated in the literature that StkP stimulates PcsB expression by direct phosphorylation of WalR [34] . Experimental evidence supporting this hypothesis has been reported by Agarwal and co-workers [35] . They studied the orthologous WalRK system of S. pyogenes and showed that StkP phosphorylates WalR in vitro at an unidentified threonine residue [35] . Similarly, Libby et al. [36] demonstrated that PrkC (the Bacillus subtilis StkP orthologue) phosphorylates WalR on threonine 101 in vivo and that this modification influences the expression of target genes. To the best of our knowledge, phosphorylation of WalR by StkP has not been demonstrated in S. pneumoniae, but it has been shown that StkP phosphorylates the response regulators RR06 and RitR. RR06 is part of a two-component system (RR06/HK06) regulating expression of the pneumococcal surface adhesin CbpA, while the orphan response regulator RitR is a repressor of iron transport [37, 38] .
StkP consists of several distinct parts: four extracellular PASTA domains, a transmembrane segment, a flexible~65 amino acid juxtamembrane domain of unknown function and a catalytic kinase domain [26, 28] . Several studies report that PASTA domains are able to bind peptidoglycan fragments and b-lactams [39] [40] [41] . Hence, it has been suggested that the PASTA domains function as a receptor that senses specific structural features of the cell wall, and it relays this information to intracellular effectors by activating the kinase domain. Furthermore, it has been reported that the PASTA domains are responsible for targeting StkP to the septum, perhaps by recognizing unlinked peptidoglycan [24, 28, 33] .
Due to the absence of an extracellular loop in streptococcal WalK kinases, it has been proposed that they have lost the ability to sense external signals and only respond to internal stimuli [5] . This would imply that the remaining single transmembrane segment only serves to anchor WalK to the cytoplasmic membrane. Alternatively, it is possible that the transmembrane segment and/or the small remaining extracellular domain could still function as a signal-sensing or a signal-transfer domain. To discriminate between these alternatives, we introduced point mutations within or in the regions flanking the transmembrane segment, and we constructed chimeras between pneumococcal WalK and the corresponding kinase from Streptococcus thermophilus. In sum, our results strongly indicate that the single transmembrane segments of streptococcal WalK kinases are not merely anchoring devices but are required for the perception or transfer of intramembrane or extracellular signals. In addition, we obtained evidence that StkP regulates the activity of WalK by a mechanism that involves direct interaction between the two proteins.
METHODS

Construction of mutant strains
Cultivation of S. pneumoniae R6 and construction of mutant strains (Table 1) are described in detail in the online Supplementary Material.
Luciferase reporter assays
All strains assayed for P pcsB -or P spr0096 -driven luciferase (luc) reporter activity were grown in C medium [42] to OD 550~0 .3. Then the bacterial cultures were diluted to OD 550 0.05 in the same medium and added to a 96-well Corning NBS clear-bottom plate. D-Luciferin (Thermo Scientific) was added to the wells to a final concentration of 10 mM. The plate was incubated in a Synergy H1 Hybrid Reader (BioTek) at 37 C, and OD 492 and luminescence were measured automatically every 5 min throughout the experiment.
SDS-PAGE and Western blotting
Cells were grown to OD 550 0.3 before they were collected at 4000 g and lysed in SDS sample buffer. Proteins from whole cell extracts were separated by SDS-PAGE using a 4 % stacking gel and a 12 % separation gel at 1.5 V cm
À2
as described by Laemmli [43] . Proteins were transferred onto a PVDF membrane using a semi-dry transfer cell system from Bio-Rad at 0.25 V cm À2 for 60 min. The transfer buffer consisted of 25 mM Tris base, 192 mM glycine and 10 % methanol. The membrane was blocked in TBS-T [25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.05 % Tween 20] containing 5 % fat-free dry milk at room temperature for 1 h. Proteins containing phosphorylated threonine residues were detected by sequential incubations with an anti-phosphothreonine antibody from Cell Signaling Technology (1 : 1000 in TBS-T) and HRPconjugated anti-rabbit IgG pAb from Sigma (1 : 4000 in TBS-T). Proteins containing a FLAG-tag were detected by incubation with an anti-FLAG antibody from Sigma Aldrich (1 : 2000 in TBS-T) followed by the HRPconjugated anti-rabbit antibody. The immunoblots were developed using a 50 : 50 mixture of luminol and peroxide solution (Thermo Scientific) as a substrate for HRP. Chemiluminescence was measured with a C400 imaging system from Azure biosystems.
Isolation of cell membranes A 30 ml cell culture was grown to OD 550 = 0.3 before the cells were harvested at 5000 g for 10 min at 4 C. Cells were resuspended in 1 ml of ice-cold 10 mM Tris/HCl (pH= 7.4) and 100 mM NaCl. The cells were lysed in a Fast Prep À24 from MP Biomedicals using 0.5 g acid-washed glass beads ( 106 µm) from Sigma and 3Â20 s pulses at a speed of 6.5 m s
À1
. Then 25 ml of ice-cold 10 mM Tris/HCl (pH= 7.4) and 100 mM NaCl was added to the lysed cells. The solution was mixed by inverting the tube three to five times. Glass beads and non-lysed cells were removed by centrifugation at 5000 g for 10 min. The supernatant was then centrifuged at 25 000 g for 30 min in order to harvest the cell membranes. After removal of the supernatant, the Bacterial two-hybrid (BACTH) analyses BACTH (bacterial adenylate cyclase two-hybrid system) assays were performed as described by the manufacturer (Euromedex). Each protein-protein interaction assay was repeated at least three times.
RESULTS
Amino acid comparison of the N-terminal part of streptococcal WalK sequences Alignment of the~60 N-terminal amino acids of WalK from 30 different streptococcal species disclosed three different patterns of conserved amino acids in the parts corresponding to the predicted transmembrane segments and their immediate flanking regions (groups I-III, Fig. 1 ).
Comparison of group I-III sequences between positions 10 and 40 (see amino acid numbering in Fig. 1 ) shows that each of them contains several conserved amino acid positions that are group specific. Group I and II sequences, which share three conserved amino acid positions (Y26, F27 and R33), are more similar to each other than they are to the corresponding group III sequences. Group III sequences do not share any fully conserved positions with group I and II sequences within the transmembrane segments or the regions bordering them. S. pneumoniae and other mitisgroup streptococci belong to WalK group III. The group III transmembrane segments contain two conserved amino acid residues (F14 and F16) located close to the external face of the membrane and two conserved residues (G22 and F23) situated in the middle of the transmembrane domain (Fig. 1) . Furthermore, two fully conserved residues, E33 and D37, are located at the interface between the membrane and the cytoplasm. In addition, the interfacial zone on the outside of the membrane often contains a negatively charged amino acid residue in position 13. The strong conservation of the above-described amino acid residues in group III sequences suggests that they play an important functional role. Since the conserved residues are located within the transmembrane segment, and at the interface between membrane and the aqueous phase, it also suggests that the function of the transmembrane segment extends beyond that of a simple anchoring device. To test the functional importance of these conserved residues, we replaced several of them with alanine and compared the properties of the resulting mutant proteins with wild-type WalK.
Mutagenesis of conserved amino acid residues in the WalK transmembrane region Since G22 and F23 are fully conserved in group III, and are predicted to be situated in the middle of the transmembrane segment, we hypothesized that these residues might be important for signal transfer through the transmembrane segment or for sensing a signal within the membrane. To test this hypothesis, we constructed two strains, SPH277 and SPH280, carrying the WalK F23A and WalK G22A mutations, respectively. To avoid exposing the pneumococcal cells to a selection pressure when deleting the native walK gene, an ectopically expressed wild-type walK gene was inserted into a neutral region of the S. pneumoniae R6 genome under control of the inducible P comX promoter (see Methods and Supplementary Material for details). Thus, during the two transformation steps required to replace the native walK gene with the mutated version, wild-type WalK was expressed ectopically from the P comX promoter by growing the cells in the presence of the ComS inducer peptide [44, 45] . Following replacement of the native walK gene with the mutated counterpart, the ectopic walK gene was deleted. To be able to measure and compare the activity of wild-type WalK and the WalK mutants constructed in this study, a luciferase (luc) reporter gene under control of the pcsB promoter was inserted into the non-functional spr0324 gene. Light emission and growth rate were monitored by growing the various mutant strains in 96-well plates at 37 C inside a microplate reader (BioTek Synergy H1 Hybrid Reader). The results presented in Fig. 2 show that the light emitted [relative luminescence units per OD 492 ] by the strains tested increased the first 15-20 min after the experiment was started and then levelled off to reach a maximal plateau. After 60-80 min at this maximal level, light emission started to fall while the pneumococcal cultures were still in their early exponential growth phase. When the cultures entered stationary phase, light emission had dropped close to the detection limit of the Synergy H1 luminometer. Comparison of the light emitted by the SPH277 and SPH280 strains with the parental wild-type strain SPH261 revealed that both WalK F23A and WalK G22A are considerably less active than wild-type WalK in stimulating transcription of the pcsB gene. When the DwalK background activity is subtracted, the maximum reporter activity of the strains producing the WalK F23A and WalK G22A kinases are reduced by about 48 and 36 %, respectively, compared to the wild-type strain (Fig. 2b) . To confirm that this result also applies to other WalR-regulated promoters, the effect of the WalK F23A mutation was investigated in a strain harbouring P spr0096 :: luc instead of the P pcsB :: luc reporter. The spr0096 gene encodes a peptidoglycan-binding protein of unknown function, which is subject to strong positive regulation by WalR [7] . The result was in agreement with the corresponding experiment performed with the P pcsB :: luc reporter, and it confirmed that the WalK F23A mutation significantly reduces the activity of promoters positively regulated by WalR (Fig. S1) . Interestingly, the luc reporter activities measured in the strain lacking WalK (DwalK mutant) and the strain expressing only the cytoplasmic part of WalK (DTMwalK) were found to be very similar, demonstrating that the non-anchored form of WalK is nonfunctional (Fig. 2b) .
The amino acid positions G22 and F23 were substituted with alanine, an amino acid commonly found in transmembrane segments. It is conceivable, although implausible, that this substitution might lead to less efficient insertion of WalK into the membrane and consequently reduced reporter activity. As a control, we therefore constructed three mutant strains where a 3ÂFLAG-tag was fused to the the C-terminal end of (i) wild-type WalK, (ii) WalK carrying the F23A mutation and (iii) WalK in which the small extracellular and transmembrane domains had been deleted. The Janus cassette was used to replace the native walK gene with the genes encoding the WalK WT -3ÂFLAG, WalK F23A -3ÂFLAG and WalK DTM -3ÂFLAG mutant proteins. To be able to assess the levels of membrane-associated WalK in each strain, cells were harvested at OD 550 = 0.3 and membrane fractions were isolated according to standard procedures. Next, the fractions were subjected to SDS-PAGE, transferred to PVDF membranes and probed with an anti-FLAG antibody. The results presented in Fig. 2(c) clearly show that the F23A mutation does not negatively affect WalK expression or membrane insertion. From this, it is reasonable to assume that the same holds true for the G22A substitution. In sum, our results strongly indicate that the transmembrane segment is involved in signal sensing and that the F23 and G22 residues are important for perceiving the signal or transducing it across the membrane.
Following the same procedure as outlined above, we also tested the effect of substituting the conserved amino acid residues immediately flanking the WalK transmembrane segment with alanine. The following substitutions were made: R12A/D13A, E33A, E33A/N34A, R36A/D37A and R12A/ D13A/R36/A/D37A. As shown in Fig. 2 , single and double substitutions of conserved residues on the cytoplasmic side (E33A, E33A/N34A and R36A/D37A) all caused significant reduction in light emission compared to wild-type. Substitution of the external semi-conserved R12 and D13 residues, on the other hand, had no significant effect. However, interestingly, a substantial increase in reporter activity relative to wild-type was obtained with the mutant strain SPH289 in which both the external R12 and D13 residues and the internal R36 and D37 residues of WalK had been substituted by alanine. A comparison of reporter gene expression in strain SPH289 (WalK R12A/D13A/R36A/D37A ) with strain SPH286 (WalK R36A/D37A ) showed that the maximum level of light emission in the former is about 1.8-fold higher. In other words, the addition of the two external substitutions had a dramatic effect on WalK that either stimulated its kinase activity or reduced its phosphatase activity. This result suggests that introduction of the R12A/D13A substitutions in a Domain swapping between S. pneumoniae and
S. thermophilus WalK proteins
The results from the alanine substitution study showed that the small extracellular domain and/or the transmembrane segment are involved in signal sensing. To attempt to determine which part is important for this function, we decided to swap domains between the WalK proteins of S. pneumoniae and S. thermophilus. WalK from S. thermophilus was chosen for this purpose because the patterns of conserved amino acid positions in the transmembrane segments and flanking regions of group II (S. thermophilus) and III (S. pneumoniae) sequences are very different (Fig. 1) . The only similarity between these groups is the conserved negatively charged amino acid at the interface between the membrane and extracellular solution. This is a fully conserved glutamate in the case of group II sequences and a semi-conserved glutamate/aspartate in the case of group III sequences (Fig. 1) . Hence, on account of the large differences in their primary structures, it is highly unlikely that the (Fig. 3) . In addition to the the extracellular and transmembrane domains, we also constructed chimeras involving the HAMP domain. The HAMP domain lies near the cytoplasmic side of the membrane and is presumably part of the membrane-associated sensory unit. By analogy with similar systems, it probably relays the sensory input perceived by the extracellular and/ or transmembrane domain to the C-terminal catalytic domain [14] . The results presented in Fig. 3(c) WalK (strain SPH292) did not significantly alter its properties (Fig. 3c) . These results strongly indicate that the transmembrane segment constitutes the key component of the membrane-associated input domain, while the extracellular domain has no signal-sensing function. It is possible, however, that the transmembrane segment from S. thermophilus functions poorly or differently when fused to the HAMP domain of pneumococcal WalK. This could in principle explain the reduced light emission observed with the SPH295 and SPH298 strains (Fig. 3c) . To clarify this question, we tested the effect of replacing the HAMP domain of pneumococcal WalK with the corresponding domain from S. thermophilus. The properties of this chimeric WalK protein were identical to those of the wild-type (see strain SPH301, Fig. 3c ), demonstrating that the two HAMP domains are interchangeable. In conclusion, the results from the alanine substitution and domain swapping experiments clearly show that the transmembrane segment of WalK senses or relays a signal that regulates the activity of the WalK kinase.
StkP-mediated stimulation of PcsB expression is drastically reduced in the absence of WalK
In accordance with previous studies, we found that deletion of the stkP gene strongly reduces PcsB expression in S. pneumoniae [34] . If the basal reporter activity observed in a DwalK mutant is subtracted, the luciferase activity in the stkP mutant is reduced by 50 % relative to wild-type (Fig. 4) . Based on the results obtained with S. pyogenes and B. subtilis (see Introduction), we considered it likely that StkP stimulates PcsB expression in S. pneumoniae by the same mechanism, i.e. by phosphorylating WalR. To gain further insight into these matters, we deleted the stkP gene in a DwalK strain (SPH309) and compared it to the parental strain (SPH261). The walK single and walK/stkP double mutants displayed the same low level of reporter activity (Fig. 4) . If StkP stimulates PcsB expression independently of WalK through direct phosphorylation of WalR, a lower reporter activity would have been expected in the stkP/walK double mutant. Similarly, we deleted the stkP gene in a strain carrying the T222A mutation in WalK. This mutation does not affect the kinase activity of WalK, but it abolishes or greatly reduces its phosphatase activity [46] . Consequently, reporter gene expression is very high in the WalK T222A mutant. Our results showed that the amount of light emitted by cultures of the stkP/WalK T222A (SPH310) and the WalK T222A mutant (SPH268) is the same (Fig. 4) . The fact that deletion of the stkP gene in a strain carrying the T222A mutation in WalK does not reduce reporter activity was unexpected as it does not seem to be in agreement with the idea that StkP stimulates PcsB expression by phosphorylating WalR.
In a recent study of the pneumococcal WalRK system, Wayne et al. [46] used Western blots of Phos-tag gels to show that the histidine kinase PnpS (HK04) is able to cross-phosphorylate WalR, but only when both its cognate response regulator PnpR (RR04) and WalK have been deleted. Using our reporter gene assay, we observed a strong increase in light emission when the pnpR gene was deleted in a walK mutant, confirming the result of Wayne and co-workers (Fig. 4) . Light emission increased to nearly wild-type levels and the growth rate was also greatly improved in the walK/pnpR double mutant relative to the walK single mutant. To determine whether StkP-mediated phosphorylation of WalR contributes to reporter gene expression in the walK/pnpR double mutant (SPH313), we deleted the stkP gene in this strain. No change in light emission was observed in the walK/pnpR/stkP triple mutant relative to the parental strain (Fig. 4) . The lack of detectable contribution by StkP to PcsB expression when WalK is absent shows that (i) StkP does not directly phosphorylate WalR independently of WalK in S. pneumoniae or (ii) direct phosphorylation of WalR by StkP contributes little to PcsB expression under the experimental conditions used in the present study.
Evidence that StkP modulates the activity of WalK by direct protein-protein interaction Based on the data described in the above paragraph, we speculated that StkP might stimulate PcsB expression indirectly by stimulating the kinase or inhibiting the phosphatase activity of WalK. If so, the stimulatory effect of StkP might not depend on its kinase activity. Instead, it could result from a direct interaction between StkP and WalK that modulates the activity of the latter. To investigate this possibility, we constructed a mutant strain in which the kinase activity of StkP was inactivated by substituting the invariant catalytic lysine residue, K42, with methionine [25] . The reporter activity observed with this strain (SPH317) was somewhat reduced compared to the wild-type parental strain (SPH261), but much higher than observed with the DstkP strain (Fig. 5a) . Hence, deletion of StkP has a much stronger negative impact on PcsB expression than inactivation of its kinase activity. The same result was obtained when the P spr0096 :: luc reporter was used instead of the P pcsB :: luc reporter (Fig. S2 ). This demonstrates that the effect is not P pcsB specific, but most likely it affects all promoters that are positively regulated by WalR. To verify that the mutant expressing the StkP K42M protein has no kinase activity, immunoblotting with a phosphothreonine-specific antibody was performed with whole cell extracts from the SPH317 (StkP K42M ), SPH307 (DStkP) and SPH261 (WT) strains. The results clearly show that the StkP K42M mutant protein is inactive with respect to its kinase activity (Fig. 5b) .
Libby et al. [36] showed that PrkC, the Bac. subtilis orthologue of StkP, phosphorylates WalR on threonine 101. The amino acid sequence surrounding this threonine (GAD-DYVTKPFS) is highly conserved, and it is also preserved in pneumococcal WalR (threonine 100). Hence, even though we were not able to detect any significant contribution of StkP-mediated WalR phosphorylation in the experiments presented above, we decided to investigate whether removing the potential T100 phosphorylation site would affect PcsB expression. For this purpose, we constructed the SPH396 (P pcsB :: luc, WalR T100A ) and SPH398 (P pcsB :: luc, DstkP, WalR T100A ) strains and compared the activity of the pcsB promoters in these strains with the corresponding promoter in the SPH261 (P pcsB :: luc) strain. The results showed that the T100A substitution reduced maximal P pcsB activity by about 20 %, while the additional deletion of StkP in strain SPH398 reduced maximal P pcsB activity by about 65 % relative to strain SPH261 (Fig. 5c ). Taken together, the results presented in Fig. 5 strongly indicate that, in addition to its kinase activity, the presence of the StkP protein has, in itself, a stimulatory effect on PcsB expression.
To gain further evidence that StkP regulates the kinase or phosphatase activity of WalK through direct physical contact, we used the BACTH system. The system is based on the functional complementation of two domains (T18 and K42M strains using a phosphothreonine-specific antibody. Phosphorylation of proteins on threonine is StkP dependent in S. pneumoniae [63] . (c) Growth kinetics (dashed lines) and P pcsB -driven luc reporter activity (solid lines) in the strains were investigated. Green lines, wild-type strain SPH261 (P pcsB :: luc); red lines, strain SPH398 (P pcsB :: luc DstkP, WalR T100A ); yellow lines, strain SPH396 (P pcsB :: luc, WalR T25) of the adenylate cyclase from Bordetella pertussis [47] . The proteins of interest are fused to the T18 and T25 domains, respectively, and co-expressed in an Escherichia coli cya À strain. If the proteins interact, the T18 and T25 domains are brought together and the adenylate cyclase activity is restored, resulting in the synthesis of cAMP followed by cAMP/CAP-activated expression of b-galactosidase. Hence, a positive interaction can be detected by the appearance of blue colonies when double transformants are spotted on LB/X-Gal plates. As expected, our results showed that StkP as well as WalK forms homodimers (results not shown), supporting previously published reports [12, 48] . Furthermore, a strong positive signal was obtained when whole StkP and WalK proteins were fused to the T25 and T18 domains, respectively, and co-expressed in the E. coli cya À strain. The T25 domain was fused to the N-terminus of StkP (T25-StkP), while the T18 domain was fused to the C-terminal end of WalK (WalK-T18). Encouraged by this finding, we set out to identify the protein regions responsible for mediating the StkP/WalK interaction detected with the BACTH assay. Hence, we constructed a number of fusions between the T18 or T25 domain and various truncated versions of the StkP and WalK proteins (see Fig. 6 ). In sum, our results indicate that the observed StkP/WalK interaction depends on the transmembrane segments of both proteins and/or the regions immediately flanking these segments (Fig. 6) . We also tested whether introduction of the F23A mutation in the middle of the transmembrane segment of WalK affected its ability to interact with StkP. The results were inconclusive. No reduction in b-galactosidase activity was observed with the T25-StkP/WalK F23A -T18 combination, but the signal was clearly reduced in the experiment in which WalK F23A -T18 was combined with the StkP transmembrane segment fused to T25 at its C-terminal end (Fig. 6 ). Finally, we tested whether introduction of the F23A mutation in the middle of the transmembrane segment of WalK affects its ability to self-dimerize. The results showed that E. coli transformants co-expressing the WalK F23A -T25 and WalK F23A -T18 proteins form dark blue colonies when spotted on LB/X-Gal plates, demonstrating that the F23A mutation does not significantly affect WalK homodimerization (results not shown).
DISCUSSION
WalK belongs to the HisKA subfamily of histidine kinases. Members of this subfamily are bifunctional, i.e. they are able to phosphorylate as well as dephosphorylate their cognate response regulators [49] [50] [51] . Recently, the bifunctionality of WalK was confirmed by experimental data [46] . In the present work, we have studied the activity of various WalK mutants by using a luciferase reporter gene assay to measure the rate of transcription from the pcsB promoter (see Fig. S3 for phase-contrast images of the most relevant mutants). As the assay measures WalK activity indirectly, it cannot discriminate between changes in kinase versus phosphatase activity. Instead, the assay measures whether the introduced mutations increase or decrease the ability of WalK to activate expression of its target genes.
One of the main goals of the present study was to determine if the single transmembrane domain of pneumococcal WalK has a signal-sensing function or if it merely serves as an anchoring device. The finding that the G22A and F23A mutations, which were introduced separately in the middle of the WalK transmembrane segment, both give rise to a large reduction in reporter gene expression strongly indicates that this segment is involved in signal sensing. It might be argued that the introduction of these mutations prevents or negatively affects attachment of WalK to the cytoplasmic membrane. This is unlikely, however, as alanine is commonly found in the membrane-spanning regions of transmembrane proteins and consequently should not affect correct membrane insertion of the WalK transmembrane segment. Moreover, our results show that reporter gene expression in a strain producing an anchor-less version of WalK is much lower than in the strains producing WalK G22A and WalK
F23A
. In fact, it is at the same level as in a DwalK mutant (Fig. 2 ). These results demonstrate that the transmembrane segments of the WalK G22A and WalK F23A are inserted into the cytoplasmic membrane. As an additional control, we compared the level of FLAG-tagged WalK WT and WalK F23A in the membrane fraction to ensure that the F23A mutation did not reduce the level of membrane-anchored WalK. No negative effect was observed (Fig. 2c) , strongly indicating that the reduced reporter activity measured in the strain expressing the WalK F23A mutant protein is due to impaired sensing of an extracellular or intramembrane signal. It might also be argued that introduction of the WalK G22A and WalK F23A mutations negatively affects WalK ability to dimerize. This is unlikely because structural studies have shown that the domains involved in dimerization are located in the cytoplasmic part of the protein [12] . Nevertheless, to be sure that WalK dimerization was not affected, we used the BACTH system to assay the interaction between WalK F23A mutant proteins fused to the T25 and T18 domains, respectively. A strong positive signal was observed, showing that the F23A mutation does not affect dimer formation. Further evidence that the transmembrane segment is involved in signal sensing was obtained by introducing substitutions on either side of the transmembrane segment and by constructing various WalK chimeras (Figs 2  and 3 ). The finding that reporter gene expression in strain SPH289 (WalK
) is about 1.8 times higher than in strain SPH286 (WalK R36A/D37A ) is hard to explain unless it is assumed that the membrane-associated part of WalK perceives a signal that is relayed to the DHp and CA domains.
In principle, the transmembrane domain of WalK might function in two different ways. Either it could sense the primary signal itself or it could relay a signal sensed by another protein. In the former case, it might sense a physicochemical parameter of the membrane, such as membrane composition, membrane tension or membrane curvature or, alternatively, the presence of another membrane protein.
Mohedano and co-workers [52] reported that overexpression of WalR in S. pneumoniae resulted in a change in the ratio of C 18 /C 16 fatty acids, suggesting that the WalRK system regulates the fatty acid composition of the cytoplasmic membrane. Further evidence for this hypothesis comes from the work of Ng et al. [7] . They showed that the defective growth of a DwalR mutant, which expressed PcsB from an ectopic promoter in order to be viable, can be reversed by addition of linoleic or oleic acid to the growth medium. However, the expression of fatty acid biosynthetic genes in this mutant was not significantly affected, ruling out direct regulation of fatty acid biosynthesis by WalR [7] . Using the same procedure as Ng et al. [7] , we added different concentrations of linoleic or oleic acid to the growth medium of the WalK WT and WalK F23A strains to determine whether this would alter the P pcsB -driven transcription of the luciferase reporter gene. No effect was observed, suggesting that WalK does not directly sense the fatty acid composition of the cytoplasmic membrane (data not shown).
In our view, it is more likely that the transmembrane domain of WalK senses the presence of another membranespanning protein. In Bac. subtilis, this has been shown to be the case [53] . YycG, the orthologue of WalK in Bac. subtilis, is anchored to the cytoplasmic membrane by two transmembrane segments separated by an extracytoplasmic domain predicted to adopt a PAS-like fold [19] . Two proteins, YycH and YycI, which are co-transcribed with YycG, have been shown to regulate the activity of the kinase [54] . YycH and YycI are localized outside the plasma membrane but are attached to the membrane by N-terminal transmembrane sequences. Interestingly, truncation studies of YycH and YycI showed that the presence of their transmembrane segments is sufficient to alter the activity of YycG [53] . This strongly indicates that the putative signal(s) sensed by YycH and YycI is transferred to YycG through the interaction of their transmembrane segments. No homologues of YycH and YycI are encoded in the pneumococcal genome. However, it is likely that a signal perceived by a transmembrane or membrane-anchored protein could be relayed to WalK via interactions of their transmembrane segments.
As stated in Results, we found that deletion of the stkP gene in a wild-type genetic background reduces the luciferase activity, i.e. transcription from the pcsB promoter, by about 50 %. This shows that the presence of StkP has a stimulatory effect on PcsB expression under the growth conditions used in the current study. It would therefore have been expected that deletion of the stkP gene in the DwalK and WalK T222A backgrounds would have resulted in additional reduction in luciferase activity relative to the parental strains. This was not observed (Fig. 4) . The T222A mutation changes the properties of WalK by apparently locking it permanently into the kinase mode. Hence, WalK T222A might drive expression from the PcsB promoter at maximum rate regardless of whether StkP is present or not. This may explain why we did not see any reduction in reporter activity when stkP is deleted in a walK T222A background. In contrast, reporter gene activity in the walK mutant is low but still well above the detection limit of the assay. Thus, if it is assumed that StkP stimulates PcsB expression by phosphorylating WalR, deletion of the stkP gene in a walK mutant should further reduce light emission by the luciferase reporter. The same logic holds true for the experiment that involves the PnpRS system. If StkP stimulates PcsB expression by phosphorylating WalR, deletion of stkP in the walK/ pnpR double mutant should have reduced the reporter activity relative to the parental strain.
The finding that StkP causes a strong reduction in PcsB expression only when deleted in a wild-type (walK + ) genetic background led us to speculate that StkP acts through WalK rather than, or in addition to, WalR. In principle, StkP could modulate the kinase and/or phosphatase activity of WalK through direct physical interaction with one of its sensory domains. To explore this possibility, we substituted a catalytic lysine residue in StkP with a methionine, resulting in an inactive kinase (Fig. 5b) . The reporter activity measured in cultures of the StkP K42M mutant strain was somewhat lower than in the wild-type parental strain but much higher than in the DstkP mutant (Fig. 5a) . A similar pattern was observed when the putative StkP phosphorylation site in WalR was removed. Relative to the wild-type parental strain, P pcsB -driven transcription was reduced by 20 and 65 % in the WalR T100A and DstkP/WalR T100A mutant strains, respectively (Fig. 5c) . Together, these experiments show that only a minor part of the StkP-driven transcriptional activation of the pcsB promoter is caused by direct StkP phosphorylation of WalR. Additional evidence that the kinase-inactive StkP protein is biologically active comes from the fact that the growth rate of the DstkP strain is clearly retarded compared to wild-type whereas the growth rates of the StkP K42M and wild-type strains are the same (Fig. 5a ). Furthermore, Fleurie et al. [25] have shown that cells of DStkP and StkP K42M strains have very different morphologies. The former grows in chains made of spherical cells, while the latter forms elongated and unchained cells.
The hypothesis that StkP might modulate the activity of WalK by direct physical interaction is further supported by the finding that StkP interacts strongly with WalK in the BACTH system. To map the interacting regions of the proteins, different combinations of truncated forms of StkP and WalK were tested. In sum, the results, which are depicted in Fig. 6 , clearly show that the transmembrane segments of both proteins, and/or the regions immediately flanking these segments, are important for their interaction. It is well documented that two-hybrid systems are prone to give false-positive results [55] . However, two lines of evidence argue against the possibility that the observed interaction is non-specific and biologically irrelevant. It could be speculated that fusing the T18 and T25 subdomains to any transmembrane segment would give rise to a positive signal because anchoring these domains to the membrane might help stabilize their interaction and restore adenylate cyclase activity. This is clearly not the case, as fusing both subdomains to the transmembrane segment of either StkP or WalK does not give rise to a functional enzyme (Fig. 6) . Furthermore, the facts that kinase-inactive StkP is able to activate transcription of pcsB and that this activation depends on the presence of WalK strongly indicate that the StkP-WalK interaction detected with the BACTH assay is specific and biologically relevant. In addition, introduction of the F23A mutation in the transmembrane segment of WalK markedly reduced the interaction with a construct consisting only of the transmembrane segment of StkP fused to T25. However, as a normal positive signal was observed when WalK F23A was tested against the whole StkP protein, the finding that F23A mutation reduces the interaction between WalK F23A and the transmembrane segment of StkP must be regarded with caution.
Previous studies have shown that PASTA domains bind peptidoglycan fragments [39] [40] [41] . Thus, it is possible that StkP senses certain properties of the cell wall that are important for regulating cell wall formation and cell division [24, 28] . Our results suggest that the signals sensed by the PASTA domains of StkP are relayed to intracellular effectors by two different mechanisms: (i) direct phosphorylation of StkP target proteins and (ii) modulation of WalK activity through direct protein-protein interaction between WalK and StkP (Fig. 7) . The results of the reporter and BACTH analyses strongly indicate that StkP and WalK interact via their transmembrane segments and that this interaction is important for signal transduction. If this model is correct, WalK is, at least in part, regulated by signals received by the PASTA domains of StkP (Fig. 7) .
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